We calculate the decay widths and branching ratios of the extra neutral boson Z ′ predicted by the 331 bilepton model in the framework of two different particle contents. These calculations are performed taken into account oblique radiative corrections, and Flavor Changing Neutral Currents (FCNC) under the ansatz of Matsuda as a texture for the quark mass matrices. Contributions of the order of 10 −1 − 10 −2 are obtained in the branching ratios, and partial widths about one order of magnitude bigger in relation with other non-and bilepton models are also obtained. A Landau-like pole arise at 3.5 TeV considering the full particle content of the minimal model (MM), where the exotic sector is considered as a degenerated spectrum at 3 TeV scale. The Landau pole problem can be avoid at the TeV scales if a new leptonic content running below the threshold at 3 TeV is implemented as suggested by other authors.
Introduction
The models with gauge symmetry SU(3) c ⊗SU(3) L ⊗U(1) X , also called 331 models, arise by enlarging the symmetry group where the Standar Model (SM) is embedded as an effective theory at low energy. Based on the criterion of cancellation of chiral anomalies [1] , these models have generated new expectations and possibilities of new physics at the TeV scale whose predictions are sensitive to experimental observation and will be of great interest in the next generation of colliders (LHC, ILC) [2] at the TeV energy scales. Among the most remarkable features of these models, we have that they arise as an interesting alternative to explain the origin of generations [3] , they leads to the prediction of new neutral and charged vector bosons with observable consequences at low and high energies, and they can predict the charge quantization for a three family model even when neutrino masses are added [4] .
Z
′ −detection in future experimental measurements. These decay widths are controlled by the SU(3) L ⊗U(1) X coupling constants denoted by g L and g X , respectively, and which follows the relation
where S W = sin θ W with θ W the Weinberg angle. The Eq. 2 exhibit a Landau pole when S 2 W (µ) = 1/(1 + β 2 ), where the coupling constant g X becomes infinite, and the models lose their perturbative character at some energy scale µ. In particular, the model with β = − √ 3 shows a Landau pole when S 2 W = 1/4 at the scale µ ≈ 4 TeV, which is near to the bounds associated to the Z ′ −mass predicted by this model [10] . Thus, this version of the 331 models points to a nonperturbative regime at the Z ′ peak. This problem has already been considered in ref. [11] with and without supersymmetry of the bilepton model. In particular, a possible solution of this puzzle was proposed in ref. [12] by introducing an additional particle content, which change the behaviour of the running Weinberg angle and restores the perturbative feature of the model. The new particle content is composed by three exotic lepton triplets, one exotic scalar triplet and two exotic scalar doublets. In this extended model (EM), the usual exotic particles predicted by the minimal 331 model (MM) remains as heavy particles which are decoupled below the scale µ 331 where the symmetry breaking SU(3) L × U(1) X → SU(2) L × U(1) Y takes place, so that they are not considered as active degrees of freedom below the Z ′ energy scale. However, some phenomenological studies estimates that the exotic quarks have a mass in the range 1.5 − 4 TeV [13] , and they could enter as active degree of freedom at the Z ′ scale. In this work we study the behaviour of the running Weinberg angle for different particle content in the 331 bilepton model, where the exotic particles define a new threshold energy scale below M Z ′ . Later, we obtain the partial widths and the branching decays of the Z ′ boson in the 331 bilepton model for two perturbative particle content, where the running coupling constants at M Z ′ scale is taken into account in agreement with the new particle content. This paper is organized as follows. Subsection 2.1 is devoted to summarize the minimal 331 bilepton model (MM) and the behaviour of the running Weinberg angle. In Subsec. 2.2, we indicate the most remarkable features of the extended 331 bilepton model (EM) in order to obtain a decreasing running Weinberg angle. In Subsec. 2.3, we consider a modified extended 331 bilepton model (MEM), where we include the exotic spectrum of the minimal model as active degree of freedom below the Z ′ scale. Finally, in Sec. 3 we calculate de partial decays and branching ratios of the Z ′ boson in the framework of the EM and MEM bilepton models, where effects of Flavor Changing Neutral Currents (FCNC) and oblique radiative corrections are taken into account.
Perturbative and nonperturbative bilepton models
In this section we show different particle contents in the 331 bilepton model, which control the behavior of the Weinberg angle and the coupling constants with the increasing of the energy.
The minimal 331 bilepton model (MM)
The minimal 331 fermionic structure for three families is shown in table 1 and X L q m * as the values associated to the SU(3) L space under representation 3 and 3 * , respectively. The quantum numbers X ψ for each representation are given in the third column from table 1, where the definition of the electric charge in Eq. 1 has been used, demanding charges of 2/3 and −1/3 to the up-and down-type quarks, respectively, and charges of -1,0 for the charged and neutral leptons. We recognize three different possibilities to assign the physical quarks in each family representation as shown in table 2 [14] . At low energy, the three models from table 2 are equivalent and there are not any phenomenological feature that allow us to detect differences between them. In fact, they must reduce to the SM which is an universal family model in SU(2) L . However, through the couplings of the three families to the additional neutral current (Z ′ ) and the introduction of a mixing angle between Z and Z ′ , it is possible to recognize differences among the three models at the electroweak scale [10, 15] .
For the scalar sector described by Table 3 , we introduce the triplet field χ with vacuum expectation value (VEV) χ T = (0, 0, ν χ ), which induces the masses to the third fermionic components. In the second transition it is necessary to introduce two triplets ρ and η with VEV ρ T = (0, ν ρ , 0) and η T = (ν η , 0, 0) in order to give masses to the quarks of type up and down, respectively.
In the gauge boson spectrum associated with the group SU(3) L ⊗ U(1) X , we have the Table 3 : Scalar spectrum that break the 331 symmetry and give masses to the fermions.
charged sector
and the neutral sector that corresponds to the photon, the Z and the Z ′ bosons
where the Weinberg angle is defined as
Further, a small mixing angle between the two neutral currents Z µ and Z ′ µ appears with the following mass eigenstates [9] 
The solution of the renormalization group at the lowest one-loop order gives the running coupling constant for
for i = 1, 2, 3, each one corresponding to the constant coupling of U(1) Y , SU(2) L and SU(3) c , respectively. Specifically, we use the matching condition for the constant couplings, where
Running the constants at the scale µ = M Z ′ , we obtain for
where the renormalization coefficients for a general SU(N) gauge group are defined by
with T i (I) corresponding to the generators of the fermionic (F ) or scalar (S) representations.
With the above definitions, we can obtain the running Weinberg angle at the
The running Weinberg angle depends on the particle content of the model. First, we consider only the particle content of the effective Two Higgs Doublet Model (THDM) below M Z ′ , where the heavy exotic fermions J m * , J 3 , E j , the scalar singlets ρ Table 1 are not considered as active degrees of freedom i.e. they are decoupled below the symmetry breaking scale µ 331 . Thus, the renormalization coefficient takes the values
where N f = 3 is the number of fermion families and N H = 2 the number of SU(2) L scalar doublets of the effective THDM. Taking M = M Z we run the Eqs. 8 and 10 using the following values at the M Z scale
Fig. 1 display the evolution of the Weinberg angle for the minmal 331 bilepton model. We can see a Landau pole at the energy scale µ ≈ 4 TeV, which corresponds to the lowest bound of the Z ′ mass for the bilepton model, such as studied in ref. [10] . Then, as shown in ref. [11] , perturbation theory can not be used at the TeV scale energies in the minimal model even thought supersymmetry were implemented.
The extended 331 bilepton model (EM)
In order to avoid the nonperturbative character of this model at the TeV energies, it was proposed in ref. [12] to introduce an additional exotic particle content, where three lepton triplets with null hypercharge, one scalar triplet with null hypercharge and two scalar doublets with Y 2 = 9 remains as new degrees of freedom at energies below the scale µ 331 in order to obtain a perturbative regime at the Z ′ energy scale. In this case, the renormalization coefficients take the form [12] Table 4 resumes the new bunch of particles of the extended 331 bilepton model.
Modification to the extended model (MEM)
In the previous models, the usual exotic spectrum of the MM is considered as heavy particles that are decoupled below the breaking scale µ 331 and do not participate as active degree of freedom in the renormalization coefficient. However, by comparing the data with radiative corrections to the decay Z → bb carried out in ref [13] , exotic quarks with a mass in the range 1.5 − 4 TeV are found for the 331-bilepton model, which lies in the range below the Z ′ scale. Then, we take the full 331 spectrum from tables 1 and 3, where the exotic particles are considered as a degenerated spectrum. In agreement with the ref. [13] , it is reasonable Table 4 : Additional particle content in the extended 331 bilepton model (EM), with a = 1, 2, 3 in the lepton sector.
to estimate m J j ,E j ,ρ
≈ 3 T eV, defining a new running scale. Then, the Weinberg angle evolve from the Z scale in a two stage process. First, below µ = 3 TeV, the running parameters evolve as described by Eq. 10 with the coefficients from Eq. 11 of the effective THDM, from where we obtain at 3 TeV that 
Later, above the 3 TeV threshold, the spectrum contains the exotic 331 particles with the following coefficients
with Y f,s the hypercharge of the singlets f = J j , E j and s = ρ . For the second stage, we use the inputs at 3 TeV from Eq. 14. In this way, we obtain the plot shown in Fig. 3 . We can see how the behavior of the running angle changes at the 3 TeV scale. The direct consequence to download the exotic 331 spectrum at 3 TeV < M Z ′ is that the Weinberg angle increases faster and reachs to the Landau pole at 3.5 TeV below the Z ′ scale, which can be observe in the Fig. 3 . In order to pull this limit, we add into the degenerated exotic spectrum at 3 TeV scale of the EM, the new particle content in Table 4 . We obtain the plot displayed in Fig. 4 , where the Landau pole is pulled to 3.7 TeV, that, however, does not restore the perturbative behavior near the Z ′ scale.
On the other hand, we can consider that the extended exotic particles from Tab. 4 runs below the 3 TeV threshold. In this case, the evolution of the coupling constant is controlled by the coefficients in Eq. 13, from where we get the new inputs at the threshold 
Above 3 TeV, the full exotic spectrum of the MM is activated, and the renormalization coefficients are defined as the combination of 13 and 15, obtaining b 1 = 85/2 and b 2 = 37/6. We see in this case that the Landau pole is pulled at very high scales as we can observe in Fig. 5 , where the Weinberg angle decreases with the energy until the 3 TeV threshold, from where it begins to increase slowly so that perturbation theory can be applied at the Z ′ scale. Thus, the Landau pole is pulled beyond the TeV energy scales.
3 The Z ′ decays in the perturbative models Decay widths of Z ′ with and without flavor changing neutral currents are obtained in ref. [15] for models with β = 1/ √ 3, which displays a Z ′ mass bound of the order of 1.5 TeV and does not exhibit Landau pole at the TeV energy scale. In this section, we obtain the Z ′ decay for the bilepton model under the framework of two different particle contents.
In Tab. 2, which is written in weak eigenstates f 0(r) , we consider linear combinations in each representation r = A, B, C among the three families to obtain couplings in mass eigenstates f (r) through the rotation matrix R f that diagonalize the Yukawa mass terms, where f 0(r) = R f f (r) . Thus, the neutral couplings associated with Z ′ and the SM-fermions in mass eigenstates can be written as [15] 
with U = (u, c, t)
v,a R q . Thus, we obtain flavor changing couplings in the quark sector due to the matrix R f . The vector and axial vector couplings of the Z ′ field are listed in Table 5 for each component. As discussed in ref. [15] , we can adopt the ansatz of Matsuda [16] on the texture of the quark mass matrices with the following rotatation matrices where the quark masses at the M Z ′ scale are
Z ′ decays in the extended model
To calculate the decay widths, we must include the additional exotic spectrum of the model from Sec. 2.2 in order to have a pertubative model at the required energy level. The partial decay widths of Z ′ into fermions f f at tree level are described by [17, 18] :
where N f c = 1, 3 for leptons and quarks, respectively, R QED,QCD are global final-state QED and QCD corrections, and µ A, we use the running QED (α) and QCD (α s ) constants at the M Z ′ scale [15, 19] . We can also generate Z ′ decays into different flavors of quarks through the Lagrangian in Eq. 17, where at tree level
where
The FCNC also exhibit corrections due to the Z ′ self-energy, where
with
and
With the above considerations, and taking into account the running coupling constants at the Z ′ resonance, we calculate the decay widths. Using the Eqs. 8 and 10 with the Table 6 : Partial widths and branching ratios of Z ′ into fermions at one loop level for each representation A,B, and C, in the framework of the EM. Leptons are universal of family.
renormalization coefficients from Eq. 13 of the EM and the inputs from Eq. 12, we get at the M Z ′ ≈ 4 TeV scale that
With the above values and considering M J j ,E j = µ 331 ≈ M Z ′ = 4 TeV, we obtain the widths shown in table 6 from Eq. 23, and in Tab. 7 for the FCNC contributions from Eq. 26. In the first case, values independent on the family representation (universal of family) are obtained for the leptonic sector in the two final rows in the table. In regard to the quark widths, we obtain the family dependent decays shown, so that we identify three bilepton models with the same particle content, but with observable differences. We also obtain the branching ratios of each decay, where we assume that only decays to SM particles are allowed, which is a reasonable approximation since other two body decays are very suppressed. In the FCNC contributions, we obtain very small values in the decay into the quarks uc and ut. However, we obtain that the flavor changing decay into the quarks ct and sb for the A and B models, are about the same order of magnitude as the diagonal components in Tab. 6, so that they contribute to the branching ratios. On the other hand, the model C suppresses most of the flavor changing effects of the neutral currents, which is also observed in models with β = 1/ √ 3 [15] (Studies on the FCNC in 331 models are also carried out in refs. [20, 21, 22, 23, 24] Table 7 : Partial width of Z ′ into quarks with FCNC for each representation A,B, and C, in the framework of the EM. Table 8 : Partial widths and branching ratios of Z ′ into fermions at one loop level for each representation A,B, and C, in the framework of the MEM. Leptons are universal of family.
with the inputs from Eq. 16, we obtain at M Z ′ ≈ 4 TeV
Compairing with Eq. 29, we note the strong dependence of the running constants with the particle content. The running masses of the other quarks do not present an appreciable change respect the values given by Eq. 20. Taking into account the one loop corrections with M J j ,E j = 3 TeV, we obtain the widths from Eq. 23 and the branching ratios shown in Tab. 8. Although the decays
3 , J j , E j are not forbidden if we download all the exotic spectrum at the TeV scales, they are very suppressed by kinematical factors [20] . Table 9 show the FCNC widths for this case.
Discussion
The results of the decay widths and branching ratios show observable differences between the representation A, B and C, thus each case from Table 2 define three models that leads to
2.53 × 10 ′ . Then, the assignation of the phenomenological quarks into the 331 representations define 3 different bilepton models with the same particle content.
Comparing the above results with other estimations performed in the framework of models with β = 1/ √ 3 [15] and bilepton models [20] , we get partial widths about one order of magnitude bigger for the quark sector and the charged lepton sector, while the neutrinos results one order of magnitude smaller. These diferences in the partial widths may be used in order to distinguish which 331 model could describe in a better way the physics at the TeV energy scale in the future experiments. The branching ratios are in the range 10 −2 ≤ Br(Z 2 → qq) ≤ 10 −1 for quarks, Br(Z 2 → ℓ + ℓ − ) ≈ 10 −2 for the charged leptons, and Br(Z 2 → νν) ≈ 10 −4 for neutrinos. Comparing with the model β = 1/ √ 3 [15] or the bilepton model from ref. [20] , we get branching ratios between one and two order of magnitude smaller.
On the other hand, by comparing Tables 6 and 8 , we get that the modified extended particle content predict widths about 6 % bigger that extended bilepton model. In general, we see that each decay width increase when exotic particles, in particular when the exotic quarks of the minimal bilepton model are downloaded below the Z ′ resonance. The branching ratios present very similar values between both particle contents, so that the additional effects of the new threshold an the presence of additional exotic particles are canceled in the calculations of the ratios. Just as the top quark contribute to the one loop Z decay, the above decay widths were calculated at one loop level throught the heavy particles J j and E j , where we take into account the running coupling constant at the M Z ′ energy level.
The branching ratios receive important contributios to the flavor changing decays Z ′ → ct, sb in the A and B models. The other flavor changing effects are very small, in particular, the FCNC phenomenology is practically absent for C models, as can be seen in Tabs. 7 and 9. 
